Abstract: High penetration of wind energy into the network may introduce stability and power quality problems due to the fluctuating nature of the wind and the increasing complexity of the power system. This paper describes a novel approach to voltage and power control of a radial electrical distribution network, using a wind farm. The wind farm consists of seven 75 kW induction generators (DFIG) supplying two AC/DC converters. The feed structure of the DFIG allows operating the system conversion in a wide range of speed variations. That is why it is a recommended solution, due to its capacity to increase the generator power to twice its nominal power; consequently, the system's size and cost are reduced. Another advantage is that the system is decoupled with an electrical network, so the disturbances do not affect the DFIG and this also avoids the problems of coupling the machine to the power grid. Through a 14-node distribution network, this study proves that the method is feasible. A simulation work was carried out with the software MATLAB/Simulink. The results obtained prove that this control is suitable for regulating the desired power flows in a power network and providing the best voltage profile in the system, as well as minimizing the system transmission losses when inserting the wind farm into the electrical network.
Introduction
The main problem regarding wind power systems is the major discrepancy between the irregular character of the primary source (wind speed is a random, strongly nonstationary process, with turbulence and extreme variations) and the requirements imposed regarding the electrical energy quality: reactive power, harmonics, flicker, etc. Thus, wind energy conversion within the parameters imposed by the energy market and by technical standards is not possible without the essential contribution of automatic control [1] [2] [3] [4] . Due to the intermittence and fluctuating nature of the wind, the power quality and stability of the network can be affected when high wind power integration is performed. Therefore, a high penetration rate of wind energy into the power grid, which was built based on large synchronous generators, may lead to a convenient redesign [5] [6] [7] . In recent years DFIG is increasingly used in wind energy conversion systems (WECSs), due to its ability to operate at maximum power point tracking (MPPT), over a wide range of speed variations, and with increasing energy capture capacity. Most works on this machine have studied the structure where the stator is directly connected to the network and the rotor is powered by a power electronics converter, as in [8] [9] [10] [11] [12] , and the advantage of this solution is that the converter is sized at 30% of the rated power of the system and therefore the speed variation limit is near the synchronization speed [13] [14] [15] [16] [17] [18] . However, the objective of this work is radial electrical distribution network voltage control, using a wind frame based on DFIG operating over a wide range of speed variation. The stator and the rotor of each generator are connected to the common DC link bus through two rectifiers, as shown in Figure 1 , so the grid inverter side is sized to the total wind farm power. Electrical distribution networks were not designed to deal with significant power injections from WECSs, and therefore the anticipated proliferation of a WECS results in a number of network planning and operational challenges, including voltage control, protection issues, altered transient stability, bidirectional power flow, and increased fault levels; voltage variation has been identified as one of the dominant effects [15] . Many papers, such as [1, 2, 16, 17] , discussed the problem of WECS connection in electrical networks, regulating the desired power flows, and providing the best voltage profile [1] . As demonstrated, the inherent characteristics of a wind turbine (aero-generator) and the volatility of the wind cause variations in system voltage. Therefore, a wind turbine requires high reactive power compensation. A flexible AC transmission system (FACTS) device such as a static compensator (STATCOM) can be used to control the reactive power injected into the power grid. The integration impacts of wind power on the voltage stability and the powers forwarded into the lines of an electrical network were presented in [3] , where the authors proposed to insert a FACTS device, which was a STATCOM, at the place of integration of the wind power for the voltage adjustment. Continuous expansion of the electrical distribution network along with the increased installation of the WECS at a medium voltage level leads to increasing the short-circuit current at some points of the network. In [18] the network constrained setting of voltage control variables based on probabilistic load flow techniques was presented. The method determines constraint violations for a whole planning period together with the probability of each violation and leads to the satisfaction of these constraints with a minimum number of control corrective actions in a desired order. The method is applied to define fixed positions of tap-changers and reactive compensation capacitors for voltage control of a realistic study case network with increased wind power penetration. In this paper, a novel approach to voltage control of radial electrical distribution networks with a connected wind farm is introduced (see Appendix for parameters). A reliable control strategy based on the fuzzy logic of the inverter is developed in order to ensure the system stability regarding power quality and voltage level; this inverter is exploited for the active power transit from the wind farm to the network, voltage regulation, and maintenance of it within the limits at the connection node of this farm.
Wind generator model

Modeling of the wind turbine and gearbox [19,20]
The aerodynamic power converted by the wind turbine is dependent on the power coefficient C p :
where ρ is the air density, R the blade length, V w is the wind speed, and C p is the performance coefficient, which has been approximated using the flowing function:
In this work the pitch angle β is fixed to zero ( β = 0) so the expression of the performance coefficient is simplified as follows:
λ is the tip speed ratio, expressed as:
The turbine torque is the ratio of the output power to the shaft speed:
The turbine is normally coupled to the generator shaft through a gearbox whose gear ratio G is chosen in order to set the generator shaft speed within a desired speed range. Neglecting the transmission losses, the torque and shaft speed of the wind turbine, referred to the turbine side of the gearbox, are given by:
DFIG model and vector control [21]
The classical electrical equations of the DFIG in the PARK frame are written as follows:
where R s and R r are respectively the stator and rotor phase resistances, ω = pΩ mec is the electrical speed, p is the number of pair poles, and s is the Laplace operator.
A vector-controlled doubly fed induction machine is an attractive solution for highly restricted speed range electric drive and generation applications; it consists in guiding an electromagnetic flux of the DFIG along the axis d or q [21] . In our case, we choose the direction of reference (d, q) according to the direct stator flux vector φ sd , so the DFIG steady-state model will be simplified as follows:
such that:
These simplifications lead to the reference current expressions:
The machine magnetization is assured equally by the stator and the rotor side, so:
Model of the network link
The DFIG is connected to the grid through three PWM converters, a DC bus, and a filter, as shown in Figure 1 .
Converters model
The matrix giving the model of power electronics converters used is expressed as follows:
DC bus model
The equation giving the model of the DC bus is as follows:
i m : Sum of the currents modulated by the two machine side converters.
i g : Current modulated by the grid-side converter.
The block diagram of the DFIG control is shown in Figure 2 .
Compensation and voltage control
The term power quality, in relation to a wind turbine, describes the electrical performances of the wind turbine generation system. 
Voltage regulation
To develop a good qualitative understanding of the need for reactive power control, let us consider a simple case of a transmission line; its one-phase equivalent circuit is illustrated in Figure 3 . The phasor showing the relationship between voltages and currents is given in Figure 4 [1, 22, 23] . It is clear that between the sending voltage (source voltage) and the receiving voltage (load voltage), there is a magnitude variation, and phase shift is created. Voltage regulation of the transmission line may be defined as [22] :
where: V S : Sending end, voltage/phase;
The voltage drop expression in one line can be written as follows [2] :
R : Resistance, Ω /phase; X : Reactance, Ω /phase; P : Active power, W;
Q : Reactive power, VAr.
For the high-voltage lines, X is widely higher than 10.R , and Eq. (16) can be simplified as:
Thus, ∆V depends on reactive power flow on the line.
Inverter control strategy
The essential part for good performance of the controller in the inverter is the voltage detection circuit. Voltage must be detected fast and corrected. The voltage disturbance detection method is based on the error between the reference voltage magnitude V ref imposed equal to 10 kV and voltage magnitude measured V mea on the network. The controller system is presented in Figure 5 . Here:
When voltage drop or overvoltage is detected, the inverter switches into active mode to react as fast as possible to inject or absorb a quantity of reactive power Q ref in order to provide the best voltage profile in the system as well as to minimize the system transmission losses. Therefore, the reactive power is generated according to the difference between the reference voltage and the measured voltage and it is applied to the VSC to produce the preferred voltage profile, using the voltage control based on fuzzy controller. The reference active power P ref is imposed equal to the power generated by the wind farm. The active and reactive powers forwarded are given by Eqs. (19) and (20), respectively.
Park components of the reference currents are given by Eqs. (21) and (22).
Here: The fuzzy controller used is shown in Figure 6 . It is a Mamdani controller based on the max-min method, modulated with MATLAB/Simulink software. The input of the fuzzy controller is the voltage error and its variation, and the quantities concerned are noted E and dE successively, which are numerical values. The fuzzification interface transforms these numerical values into linguistic values. Figure 7 shows the five fuzzy sets of the regulator, defined graphically, such that fuzzy sets LN, Z, and LP are defined by a trapezoidal membership function and fuzzy sets N and P are defined by a triangular membership function. A two-dimensional array is used to describe the inference engine. Entries in Table 1 represent the fuzzy sets of input variables. The intersection of a column and a line shows the fuzzy set of the output variable defined by an IF-THEN rule. 
For example, if (E is N) and (dE is LP) then (dU is P). The defuzzification interface based on the centroid method converts the linguistic values of the command to numerical values.
Studied system
The electrical distribution network, including the wind farm, is shown in Figure 8 . The mathematic model of this system is modulated and simulated with MATLAB/Simulink software.
As can be illustrated in Figure 8 , the studied electrical network is 10 kV with 14 nodes, 13 sections, 13 fixed loads, and a centralized source of power P n equal to 4 MW. The system data are given in Tables 2 and  3 . A wind farm is considered to be connected to the distribution network to bus 12.
The wind farm consists of seven 75 kW induction generators entirely interfaced with the distribution network. This wind farm will generate to the network a power P f at an integration rate between 15% and 20%.
The diagram of the wind farm is shown in Figure 9 . Figure 9 . Diagram of the wind farm based on DFIG.
Simulation results and discussion
In order to study the impact of the integration of the wind farm into the electrical network, three cases of studies will be treated: a network without a wind farm; integration of the wind farm; and a network with wind farm and compensation.
Network without wind farm
In the first case, we will study only the electrical distribution network, without the wind farm and without compensation, for evaluating power losses and voltage drops in the lines. Figure 10 presents the voltage magnitudes V B at the buses. Figures 11 and 12 show the evolution of the active P Lines and reactive Q lines powers injected in the lines, respectively. Figure 13 shows the evolution of the active P Losses powers forwarded in lines and Figure 14 shows the voltage drops V Drop in the lines. According to the simulation results, one can observe high power losses. These losses are caused mainly by resistance of conductors, where Joule losses occur, and high voltage drops in the lines can also be observed. The voltage drops are a consequence of the increased loading, increased transmission losses, and the reactive power being transported over a long distance. The highest voltage drop is recorded in bus 14 and is equal to the sum of voltage drops of all lines from the source up to this bus. The wind farm connected to the network is one of the solutions used to solve the voltage drop problem and power losses through producing power at this location of the deficit. Bus11 Bus7 
Integration of the wind farm
To overcome the problem of voltage drops and power losses in the distribution network, a wind farm is connected in the bus load. Magnitudes of a single aero-generator are noted to show the advantages of the feeding structure of the DFIG. Figure 15 illustrates the DFIG speed; as we can notice, the machine operates in a wide range of speed variations, up to twice its nominal speed. The electromagnetic torque of the DFIG and the reference torque are given by Figure 16 . The stator, rotor, turbine, and generator powers of the WECS are shown in Figure 17 , where the power injected into the grid equals the mechanical power provided by the wind turbine, of course without taking into account the different losses. We also note that for a nominal torque and rotational speed of the machine equal to twice its rated speed, the electrical power produced by the DFIG is equal to twice its rated power. On the other hand, the stator and rotor electric powers are almost equal, the slight difference is due to the stator resistance that is greater than the rotor resistance, and we note that the generator power is equal to the sum of the stator and rotor active powers. Figure 18 shows the regulation of the DC link voltage. Figure 19 presents the voltage magnitudes at the buses and we observe that there is an improvement of the voltage level; however, this voltage has a fluctuating form. A significant improvement of the active power losses is noted in Figure 20 , showing active power losses' flow on the line. A decreasing of the voltage drops is noted in Figure 21 . The active and reactive powers measured follow their references perfectly as shown in Figures 22  and 23 , respectively. Figure 24 shows the evolution of the active powers forwarded in lines; it can be seen that the wind farm provides a capability to change the direction of power flow over lines 11, 10, 9, and 8 into the inverse direction. In order to solve the problem of voltage and power fluctuation caused by the power delivered by the wind farm, compensation will be made via the inverter, whose role is to provide the reactive power necessary for regulating voltage and powers flows. 
Network with compensation
The results obtained show the contribution of the compensation to regulate the voltage at the connection node of the wind farm and powers transmitted through the line. Figure 25 presents the evolution of the voltage magnitudes at the buses after compensation: the voltages become very stable. 
Conclusion
This work studied the integration of a wind farm into a 14-node distribution network, with the wind farm based on DFIG supplying two power electronic rectifiers; this topology allows us to operate the system conversion over a wide range of speed variations and improve the energy capture. The inserting of a wind farm into the network is a solution for some network problems such as power losses and voltage stability. The improvement of the voltage profile via the inverter was exploited not only for the wind farm active power transit but also to provide or to absorb reactive power in order to stabilize the voltage at the connecting node of the farm and maintain the voltage profile at the desired value. The results obtained prove the validity and reliability of the proposed study and allow the conclusion that wind energy is not only a clean and free energy but can also be used to improve network power quality. 
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